Background: The genetic regulation of flower color has been widely studied, notably as a character used by Mendel and his predecessors in the study of inheritance in pea.
Introduction
The segregation of flower color in the progeny of pea crosses is well known in genetics because of Mendel's experiments [1] , but it is less widely known that about 70 years previously Knight had studied the inheritance of flower color in pea [2] . Probably Mendel was aware of Knight's work and it may have helped him to choose his material for study. According to Fisher [3] it was in the spring of 1860 that Mendel counted the segregation ratios for this pigmentation character, immortalized in his famous ratio A + 2Aa + a [1] ; A later became the symbol for the gene that determines the accumulation of anthocyanin pigmentation throughout the plant, most notably in flowers.
White flowered cultivated forms of pea are common and were available to Knight and Mendel, but wild peas have purple flowers, presumably as did the earliest cultivated forms. This raises the question of when white flowered types arose. An early description of 'white peas' in agriculture appears in Ruralia Commoda, written at the end of the 13th century or beginning of the 14th century by Pietro de Crescenzi in which he describes when to sow 'large white' peas [4] . In this context white probably refers to the seed coat, a component of the phenotype of a mutants, so by inference it refers to the existence of white flowered peas in agriculture; therefore white flowered forms have been in existence for at least 700 years, but the precise date of their origin remains unknown.
The purple color that accumulates in wild type pea flowers is due to anthocyanin pigments; compounds derived from phenylalanine. Mutations in either structural or regulatory genes have been shown to lead to a loss of pigmentation in several plant species [5, 6, 7, 8] . Genes corresponding to either MYB or basichelix-loop-helix (bHLH) transcription factors or WD40 proteins are known regulators of anthocyanin biosynthesis [9] and previous investigations in pea have suggested that the white flower character determined by the recessive allele a, is due to the disruption of a regulatory gene [10] . Pea has not been the subject of a genome sequencing project, but its genome is known to be extensively collinear with that of Medicago truncatula [11, 12] , for which genome sequence data is available [13] . We investigated whether any regions of the M. truncatula genome containing candidate genes were syntenic with the A locus in pea. For example, the four genes, Legume Anthocyanin Production (LAP)1-4, with sequence similarity to the MYB anthocyanin regulatory clade [14] are located on M. truncatula chromosomes 5, 7 and 8, none of which is syntenic with linkage group II of pea. This analysis eliminated all but one candidate bHLH gene that we studied further.
Results
The A gene is a bHLH transcription factor homolog Two cDNA-RFLP markers (CD72 and PEAPCF1) are closely linked to the A locus on linkage group II of pea [15] and the corresponding sequences [Y11207 & GU176398] identify one contiguous, syntenic and collinear region of the M. truncatula genome sequence (Fig. 1A) . A bHLH transcription factor gene lies within 1 Mb of the region defined by these pea markers (Fig. S1 ). In petunia, mutations of the bHLH gene ANTHOCYANIN1 (AN1) are responsible for a white flower phenotype [6] and similar genes have been linked to anthocyanin accumulation or patterning in antirrhinum [5] , maize [16] and Arabidopsis thaliana [17] .
Degenerate primers designed to the M. truncatula bHLH gene were used to amplify corresponding sequences from pea and to identify an insertion/deletion (indel) distinguishing the parents of a mapping population [15] that segregates for purple versus white flower color. The indel in this pea bHLH-like sequence was shown to co-segregate with anthocyanin pigmentation in this population of 74 recombinant inbred lines (40 purple, 34 white, chi sq 0.49, n.s.).
Primers specific to the pea bHLH gene were then used to identify BAC clones derived from the purple flowered accession PI 269818 [18] and the white flowered cultivar Caméor. Two BACs, each over 150 kb, were sequenced and used to define a gene model for the A locus in pea and to identify the nature of the mutation in the white flowered variety. BAC 112D23 from the line PI 269818 contains an intact bHLH gene (Fig. S2A) ; the gene model consists of seven exons in positions that are conserved with respect to TRANSPARENT TESTA8 (TT8; AT4G09820), the closest homolog in A. thaliana. Amino acid sequence alignment of the N-terminal region of several bHLH proteins identifies the bHLH from pea to be in the same clade as AN1 and TT8 (Fig. 1B) .
The equivalent bHLH gene, corresponding to an a allele, on BAC 452H2 from the white flowered cultivar Caméor, showed over 92% sequence identity to the A allele (Fig. S2A ). Sixteen SNPs were found when the predicted open reading frames of the bHLH sequences were aligned; three lead to amino acid changes and thirteen are silent mutations (Fig. S2B,C) . One of these silent mutations is a single base change, from G to A, in the splice donor site of intron 6 ( Fig. 2A and Fig. S2A,B) . This G to A change was found only in white flowered lines while the other SNPs predicted to lead to amino acid changes were found in both colored and white flowered lines.
A mis-spliced transcript is generated from an a allele
In plants, the GT splice donor site is present in almost all introns [19] and disruption of the sequence often leads to mis-splicing [20] . The sequence of a cDNA from the white flowered line Caméor has an additional eight nucleotides that the gene model assigns to intron 6. This is consistent with the G to A transition disrupting the splice donor site of intron 6 and the spliceosome identifying the next available GT motif, eight nucleotides downstream ( Fig. 2A) . These additional eight nucleotides are predicted to result in a frame-shift and a premature stop in the encoded polypeptide after the inclusion of eight amino acids unrelated to the wild-type (Fig. S2C) .
The presence of a premature stop codon may reduce mRNA accumulation through nonsense-mediated decay. Accordingly, we studied transcript accumulation from the A locus in eight white and eight colored flowered lines. This showed that the amount of bHLH RNA in white flowers was generally lower than in colored flowers (Fig. 2B, C) . Some white flowered lines accumulated more transcript than colored flower lines, suggesting that other factors in the background may be more important than nonsense-mediated decay. Amplification across the exon 6-7 boundary confirmed an increased fragment length in the cDNA of these white flowered lines, consistent with the proposed mis-splicing (Fig. 2D) . Intron six has ,5770 bases with ,190 single nucleotide changes. The synonymous mutation rate for pea has been estimated as 762.6610
29 nucleotides/yr [21] , which implies that these bHLH alleles diverged ,4 million years ago. This is unlikely to be the divergence time of the mutation itself, but the divergence time between two lineages, one of which subsequently acquired the mutation responsible for the white flowered phenotype.
The classes and distribution of a alleles in pea cultivars
We were interested in whether we could find any examples of a alleles likely to have been available to Knight or Mendel. The John Innes Pisum accessions JI 2462 (Knight's Marrow) and JI 2479 (Knight's Dwarf White) are white flowered cultivars, and represent selections of Knight's material; these two lines carry the G to A transition at the splice donor site, providing further evidence that this a allele was available in Europe at the beginning of the 19 th century. A systematic search of exotic P. sativum germplasm [22] identified nine white flowered lines. One of these, the Ethiopian accession JI 1987, did not carry the expected G to A mutation at the splice donor site. Sequencing the JI 1987 gene and cDNA revealed an additional nucleotide in exon 6 that would result in a frame shift with a premature stop codon (Fig. S3A) . Sequence close to the intron 6 splice donor site showed that the JI 1987 a allele is similar to the wild type allele in JI 281 which is also an Ethiopian P. sativum. This is consistent with the JI 1987 a allele having arisen in Ethiopia, so it is unlikely to have been used by Mendel.
We analyzed the sequence of the A gene in 148 accessions in order to obtain an estimate of the frequency of a alleles that are explained by the splice site variant. This set, which comprised 88 white flowered and 60 colored flowered lines, includes 129 single plants from the pea refined core collection of the Plant Inventory (PI) lines held at USDA ARS, as well as PI 269818 and Caméor used for the construction of BAC libraries, together with 17 lines from the John Innes Pisum germplasm collection. All the lines with colored flowers had an intact splice donor site for intron 6 as expected. Of the white flowered lines, 78 carried the intron 6 splice site mutation, indicating that it is common (Fig. S3B) . The sequenced region of these was identical for all but one accession (Fig. S3C) S3C) so it is possible that these carry wild type A alleles.
The A2 gene Synteny analysis was used to identify gene candidates for A2 [23] . Both MYB and WD40-like genes are located in the central region of M. truncatula chromosome 3, syntenic with LgIII in pea where the A2 locus resides. BAC clone MTH2-174D3 corresponds to sequence AC146760 which encodes a MYB transcription factor. Analysis of the corresponding sequence from pea failed to identify significant differences between A2 and a2 lines.
The nearby BAC clone MTH2-28N4 (CR940305), contains sequence that encodes a WD40-like protein. The corresponding pea sequence was obtained from JI 2822 (Fig. S4 ) and primers designed to the 39 end of the gene failed to generate an amplicon from FN 3690, a white flowered fast neutron mutant generated in the line JI 2822 [24] ; this mutation is allelic to a2. The white flowered fast neutron mutant FN 3171 is in the same complementation group and carries a 22 bp deletion in the predicted WD40 coding sequence (Fig. S4) , while PCR screens suggest that FN 3690 has a rearrangement with breakpoints within the gene. Two a2 mutant lines (JI 2673 and JI 3062) were compared to their corresponding wild types, cv Melrose (JI 2208) and JI 3061. The a2 mutant lines carried mutations in this WD40 gene; a G to A SNP (in JI 2673) that generates a W112Stop codon change in the N terminal domain of the predicted WD40 protein and a 5 bp deletion (in JI 3062) that makes a synonymous change at codon 222 generating a premature stop at codon 223. These four alleles of WD40 in a2 mutant lines suggest that A2 corresponds to a WD40 protein.
We characterized the WD40 gene in the three PI lines for which no mutation in the A gene has been found (PI193578, PI198074 and PI266070). These sequences were identical to that of JI 2822 except for a 115 nucleotide deletion in PI 198074 located 227 nucleotides upstream of the predicted ATG initiation codon. Clarification of the consequences of this deletion requires additional investigation.
Rescuing the white flowered mutant phenotype
In order to test the hypothesis that the bHLH gene we have identified does indeed correspond to the A gene we complemented the white flower phenotype using transient over-expression (Fig. 3) . Forty-eight hours after bombardment of white flowered pea petals with a positive control construct for petunia AN1 numerous purple-colored cells were seen (Fig. 3) . Similarly, bombardment with BAC DNA from the purple flowered line PI 269818, which includes a functional bHLH gene, also generated cells that accumulated anthocyanin (Fig. 3) . In contrast, bombardment with a green fluorescent protein (GFP) construct alone did not restore pigmentation (Fig. 3) . Bombardment with a construct for an anthocyanin MYB regulator of petunia, AN2, induced some colored cells, but comparatively few compared to the bHLH genes (Fig. S5) . All pigmentation gene constructs were co-bombarded with GFP, so that fluorescence under blue light indicated those cells which had received GFP DNA.
Discussion
We have established that a gene encoding a bHLH transcription factor is present at the A locus in pea and that this bHLH gene is disrupted in two distinct a alleles. We were able to rescue pigment formation by particle bombardment with the wild type gene or the orthologous bHLH gene from petunia. Uimari and Strommer [25] showed that maize bHLH genes (R-S and Lc from maize) can direct anthocyanin synthesis in pea when bombarded into petals of a genotypes. Surprisingly, their study also showed that these bHLH genes rescued the phenotype of a2 mutants. The failure of complementation of either a or a2 by Antirrhinum and petunia bHLH genes further complicated interpretation [25] . Our results, including complementation of the a mutation with BAC 112D23 from PI 269818, establish A as a bHLH gene. The identification of A2 as a WD40 protein is of interest because the conservation of a transcription factor complex including bHLH and WD40 proteins in the regulation of anthocyanin pigmentation in plants suggests that a MYB transcription factor is probably also present in the complex in pea. If this MYB transcription factor is encoded by a single gene we would expect that mutations in the gene encoding this protein would also give a white flowered phenotype.
The cultivar Greenfeast carries the a allele with the intron 6 splice donor site mutation, and we know that the transcript from this a allele includes 8 nucleotides not present in the wild type due to mis-splicing. From our transcript abundance experiments (Fig. 2) it is not clear whether these transcripts exhibit nonsense-mediated decay. Transcript abundance in a lines is usually lower than in wild type lines, but the variance in transcript abundance in diverse A lines is much higher than for a lines, and the lowest abundance measured for an A allele is lower than the highest value for an a allele (Fig. 2) . The process that regulates this transcript abundance is not clear, nor is the reason for the generally low transcript abundance in a genotypes. Intron 6 is the final intron in this gene, which would be consistent with the message evading the nonsensemediated decay pathway.
There are many sequence variants of dominant A alleles, represented by 14 different haplotypes from the region around the intron 6 splice donor site. This variation is consistent with what is already known about the age of alleles in Pisum [21] and the diversity of Pisum germplasm [22] . Two allelic forms of the gene confer a white flowered phenotype. One, the intron 6 splice donor site mutation, is the predominant allele found in cultivars we have examined and the other is found in land races or breeders lines. Alleles in white flowered types are represented by a restricted set of haplotypes; for the intron 6 splice donor site mutation there are just two haplotypes in the vicinity of the mutation (Fig. S3C) . One a haplotype is found in 77 accessions and the other is represented by a single sequence of an accession (PI 210558) that was collected in China. Interestingly, sequence downstream of the splice donor site in this allele matches that of a group of A alleles (Fig. S3C ) consistent with the PI 210558 allele having arisen from a recombination event that occurred within 14 nucleotides of the splice site SNP.
Seven sequences represent the JI 1987 indel variant (Fig.  S3C,D) . Of these white flowered types three are of African origin, two from Ethiopia. The geographic distribution of a haplotype variation is consistent with a recent origin; once probably in Africa, and once in Eurasian peas, with the latter being subsequently adopted in cultivated forms. The available sequences of three white flowered individuals for which we have not identified a corresponding mutation can be classified along with two A haplotypes, which suggests these three may have wild type A alleles. One of these (PI 198074) may represent a promoter mutation of A2 or all three may correspond to a mutation at another as yet unidentified locus.
Mendel's allele
Both Mendel [1] and Knight [2] studied the segregation of white flower color in pea. It has been remarked that Mendel likely knew of Knight's work [26] , and it is striking that in Mendel's 1866 paper he states three reasons for choosing pea as an experimental organism that are the same three reasons, in the same order, that Knight gave in 1799. We do not have a legacy of germplasm from Mendel's work, but Knight was a breeder and two lines, Knight's Marrow and Knight's White Dwarf, are held in the John Innes Pisum germplasm collection. Both these white flowered accessions carry the intron 6 splice donor site mutation, so this allele used by Knight was present in European peas prior to Mendel's studies. Since we know that the mis-spliced a allele was available and prevalent in cultivated material, we propose that this is the molecular basis of the mutation that was used by Mendel in his experiments on inheritance 150 years ago [1] .
Materials and Methods

Plant Material
The ; these correspond to white flowered P.sativum accessions from structure sub-groups that lie close to the trifurcation of P.sativum, P.fulvum and P.elatius [22] .
A The RIL mapping population derived from the JI 2816JI 399 cross corresponds to the accessions numbered JI 2868 to JI 2939.
In addition, cultivar Caméor (white) and line PI 269818 (colored) [18] were used for the construction of BAC libraries, sequence analysis and construction of the gene model.
Bioinformatics
A TBLASTN [27] search of the M. truncatula genome pseudomolecule using the chromosome visualization tool CViT BLAST identified sequences that showed similarity between pea and M. truncatula (http://www.medicago.org/).
Full length bHLH sequences were aligned (Fig. S6 ) using ClustalW (opening = 15, extension = 0.3) in Vector NTI 9.0 (Invitrogen). Conserved motifs were extracted and re-aligned as above. Phylogenetic and molecular evolutionary analyses were conducted using MEGA [28] 
Amplification and mapping of the pea bHLH gene
Primers RPH-445 -RPH-454 (Table S1 ) were designed to the MtbHLH gene [GU132940] and used in low annealing temperature PCR with pea DNA templates (JI 281 and JI 399): 94uC, 5 min followed by 35 cycles of 30 s at 94uC, 45 s at 50uC and 150 s at 72uC. Amplification fragments were cloned into pGEMT-Easy (Promega) according to the manufacturer's instructions. Sequences from the amplification product of RPH-447/RPH-448 identified PCR amplicon length polymorphisms between JI 281 and JI 399 to which primers PsbHLHintF and PsbHLHintR (Table S1 ) were designed. These were used to determine the map location of the PsbHLH gene in a recombinant inbred line population derived from the cross between JI 281 and JI 399 [15] .
BAC analysis
BAC clone 452H2 was identified using primers PsbHLHintF and PsbHLHintR. BAC clone 112D23 was identified from BAC pools [18] by screening nitrocellulose filters with a probe amplified from PI 269818 using primers RPH_453 and RPH_452 (Table S1) .
Sanger sequencing of pea BAC clones 112D23 and 452H2 was performed by GATC (Germany) and sequences were assembled using both ContigExpress and the Staden Pregap package as previously described [29] , integrated with Phred and Phrap [30] for base calling and assembly and Gap4 [31] for editing. The assemblies were subsequently aligned and compared using MUMmer [32] and Mauve [33] . Transcript sequences were aligned to the genome sequence using MUSCLE [34] . Further sequencing with primers PsbHLHA-F1 to -F15 and PsbHLHA-R1 to -R15 (Table S1 ) was necessary to confirm the assembly of the bHLH gene in BAC 452H2.
The sequence GU132941 corresponds to the BAC clone 112D23 derived from PI 269818 (A) and GU132942 to the BAC clone 452H2 derived from cv Cameor (a).
Allele characterization in PI lines
PCR products containing the junction of exon 6 and intron 6 of 129 PI lines (Fig. S3B) were amplified with primers bHLH_5432_L and bHLH_6089_R (Table S1 ). The resulting sequence is presented in Fig. S3C . These sequences are available as accessions HQ245159-HQ245315.
qRT-PCR analysis
Total RNA was isolated from flower tissue of both colored and white flowered pea varieties (Plant RNA Reagent, Invitrogen). All RNA samples were treated with DNase (DNA-free Kit, Ambion) to remove contaminating DNA. First strand cDNA synthesis was carried out using SuperScript III and Oligo dT according to manufacturer's instructions (Invitrogen).
Quantitative real-time PCR (qPCR) amplification of cDNA and analysis was carried out using the LightCycler 480 System (Roche), with LightCycler software version 1.5. Primers KL244F and KL246R (Table S1 ) and LightCycler 480 SYBR Green I Master Mix (Roche) were used in 10 ml total reaction volumes following the manufacturer's methods. qPCR conditions were 5 min at 95uC, followed by 40 cycles of 10 s at 95uC, 10 s at 60uC, and 20 s at 72uC, followed by 65uC to 95uC melting curve detection. Primers PsEF1F and PsEF1R, were used to amplify pea elongation factor 1a (EF1a, X96555). This was selected as a reference gene because of its consistent transcript level among varieties. The qPCR efficiency of each primer pair was obtained by analyzing the standard curve of a cDNA serial dilution of the corresponding gene.
PCR analysis of cDNA length variation
PCR analysis of lines examined for mRNA accumulation was carried out using Platinum Taq (Invitrogen). Primers KL255F and KL256R were designed to amplify a cDNA region from 40 bp upstream to 39 bp downstream of the intron 6 splice donor site. Reaction conditions were 95uC, 5 min followed by 35 cycles of 30 s at 95uC, 30 s at 57uC and 20 s at 72uC. PCR products were separated on 3% agarose gels along with 1 kb ladder (Invitrogen) and stained with ethidium bromide.
Particle bombardment experiments
DNA was bombarded into the abaxial surface of wing petals from white flowered Greenfeast grown in the glasshouse. DNA (5 mg with 2 mg of internal control GFP construct) was precipitated onto 5 mg of gold particles (1.0 mm diameter, in 50 ml sterile water), and tissue was surface sterilized prior to bombardment [7] . Tissue was bombarded twice with 5 ml of the gold suspension using a particle inflow gun [35] 
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